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STRUCTURAL RELIABILITY

ESTIMATE OF EFFECT OF SPACECRAFT VIBRATION
QUALIFICATION TESTING ON RELIABILITY

Clyde V. Stahle, Jr.
The Martin Company
Baltimore, Maryland

The purpose of this paper is to provide an estimate of the effect of a
spacecraft vibration qualification test{SVQT)on the vibration reliability
of a spacecraft system, i.e., the probability that the spacecraft will per-
form satisfactorily while and after the spacecraft is subjected to the
vibration of the launch phase of flight. The increase in the vibration
reliability of the spacecraft provided by the SVQT is quantitatively
evaluated by a stress-strength reliability analysis which treats the
vibration-induced spacecraft failures as resulting {rom log normal dis-
tributed equipment vibration stress and strength. If the SVQT is re-
quired, the spacecraft equipments are considered to be randomly
selected from an equipment population having a strength distributio:
truncated at the equipment vibration qualification test level. If the SVQT
is not required, the equipments are considered io be selected from two
populations: one having the strength distribution of the unqualified
equipments and the other having a strength distribution truncated at the
equipment qualification test level. The vibration stress distribution,
estimated from statistically analyzed vibration measurements and
specification requirements, is formulated in terms of the equipment
qualification test level and combined with the equipment strength distri-
bution, obtained using the variance est.mated from the analysis of ex-
tended level tests of launch vehicle equipment and a rnedian strength
estimated from the results of spacecraft equipment qualification pro-
grams so that it is a function of the equipment vibration qualification
test level. An independent serial systems model is used to relate the
vibration reliability of the equipment to that of the spacecraft.

Using the estimated statistical distributions for equipment stress and
strength, the vitration reliability of the spacecraft is formulated in
terms of the equipment qualification test level and the number of equip-
ments to be qualified. The estimated reliability iz given for the range
of vibration levels for which data were obtained.

INTRODUCTION

C. V. Stahle, Jr.

The purpose of this paper is to estimate
the reliabiiity of a generai spacecraft model with
and without a spacecraft vibration qualification
test {SVQT). Environmental yualification tests
may be applied to parts, equipments, subsys-
tems, or systems to verify the capability of the
design to perform satisfactorily in the antici-
pated service environments. The tests are
concerned with the reiiability of the design, i.e.,
the probability of a device performing its pur-
pose adequateiy for the period of time intended
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under the operating conditions encountered.
Because of the small sample size and relatively
short test time, the data do not provide a sta-
tistical measurement of reliability. In spite of
this, on successfully passing these tests, the
unit is considered to be qualified for the serv-
ice enviznment which it will encounter.

It has become cosimon practice that envi-
ronmental qualification tests be per{ormed at
the equipment level. The various equipments
are then integrated into a spacecraft system by
the system contractor. There are technical
reasons for performing additional vibration
qualification tests on the system level as well
as on the equipment level. Some of the reasoas
cited are:

1. Removal of artificial restraints of test
fixtures imposed during equipment testirg;

2. Evaluaticn of subsystem interactions;

3. Evaluation of connectors, wiring and
many small components not adequately evalu-
ated during equipment qualification testing; and

4. Evaluation of changes in eiectrical pa-
rameters resulting from the environment.

In view of these considerations and the
costs involved, it is important that the decision
to perform SVQT be made on a rational basis.
This rational basis will be probabilistic rather
than deterministic, since the major effect of
the test is to improve the reliability of the
spacecraft, i.e., the probability that the space-
craft will perform satisfactorily. Although the
effects of the environment on reliability are
vague, there is a definite need to place deci-
sions of this type on a quantitative rather than
an intuitive basis. Golovin defends the "mana-
gerial insistence that all design criteria, de-
sign decisions and approved specifications
likelv to affect the probability of a system
mee..ng its overall performance are explicitly
defined and defended in quantitative terms' [1].

In this paper, the stress-strength concept
is used to estimate the vibration reliability of
equipment and to formulate the vibration relia-
bility of a spacecraft system in terms of sys-

tem parameters using the equipment reliability.

The stress-strength concept is briefly re-
viewed, and the important factors of the equip-
ment vibration stress and strength are dis-
cussed. A model which relztes equipment
reliability to system reliability is established,
and through the evaluation of the equipment
vibration reliability, the system vibration reli-
ability is estimated with and without the SVQT.

STRESS-STRENGTH CONCEPT

The statistical concept of a stress vs
strength analysis appears to be well suited to
the consideration of the effect of the vibration
environment on spacecraft equipments {2,3].
This concept, which has been applied to the
Titan II structure {4}, evaluates the reliability
of any item by considering that the stress and
strength have statistical distributions (Fig. 1)
rather than by considering failures in the time
domain. The probability of failure is deter-
mined by the probability that the stress exceeds
the strength. Although this concept of describ-
ing the reliability of an item appears to fit the
vibration stress effect of interest, this ideal-
ized model must be investigated further to de-
termine its applicability to the present problem.
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Fig. 1 - Stress-strength concept

EQUIPMENT VIBRATION STRENGTH

The vibration strength of equipment, i.e.,
the capability of the equipment to function while
subjected to vibration, is difficult to determine.
The strength will vary considerably from equip-
ment to equipment. A motor-driven switch may
have an extremely high vibration strength as
compared to a relay. The variation in the vi-
bration strength of equipments of a particular
design can also vary from unit to unit as evi-
denced by the emergence of "Production Moni-
toring" vibration test programs of flight equip-
ments after the equipment design has been
qualified. It appears reasonable to consider
that the variation in the vibration strength of
equipments results primarily from design dif-
ferences, although differences between units of
a particular design will also occur.

The vibration strength of equipment is
generally not determined analytically. As a
result, the vibration strength is based on engi-
neering judgment and past experience which
may be translated into basic design practices.
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The strength is frequently provided by testing
the equipment to the qualification requirements
and making those modifications which are nec-
essary to pass the test. Consequently, a wide
variation in the vibration strength of equipment
designs will be present; however, the equipment
designs will provide a minimum strength dic-
tated by test requirements as design changes
are made during qualification.

The statistical distribution of equipment
strength as a 1unction of vibration level after
qualification testing will be a relatively broad
distribution appearing to be truncated at the
qualification test level. Although development
testing will generally elimtnate a number of
equipment failures prior to qualification testing,
qualification test data indicate that the mean
strength of all the untested equipments may not
be much higher than that required for qualifi-
cation. Typical failure data from equipment
qualification programs indicate that the per-
centage of failures range from approximately
10 percent to as high as 40 percent of the equip-
ments tested. The strength distribution of
qualification tested equipments is not truly
truncated at the qualification level because the
equipment designs that fail are modified arnd
placed back in the equipment population, and
because the variance from unit to unit of a par-
ticular design still exists; however, equipment
strength should not fall significantly below the
level used for qualification testing unless qual-
ity control procedures permit defective units to
be flown, A truncated distribution should pro-
vide a good approximation of the strength dis-
tribution of the equipment used in the flight
vehicles,

The vibration strength distribution of un-
tested equipment can be approximated from
available data, although the type of data re-
quired for the accurate determination of the
statistical distribution of equipment vibration
strength is gener:lly not obtained; i.e., equip-
ments either pass or fail the qualification tests
but are not tested at varying levels to failure.
The strength distribution of the untested equip-
ment is broad in comparison with the vibration
level as discussed previously. A normal dis-
tribution would not be applicable because this
would permit negative strengths. Ir view of the
broad distribution, it is reasonable to consider
that the vibration strength of the equipments
has a log normal distribution prior to qualifi-
cation testing. Assuming that the vibration
strength has a log normal distribution makes it
possible to estimate the strength distribution
from failure data obtained from tests at two
vibration levels; i.e., the mean and variance
can be estimated. Limited data on equipments

tested at the qualification level and at 1.5 times
the qualification level are available. The dis-
tribution after qualification testing can then be
approximated if the equipment strength distri-
bution is considered to be truncated at the qual-
ification test level as a result of equipment
design changes incorporated during the test
program.,

The vibration strength of equipment is, in
fact, a two-dimensional statistical distribution.
It is a function of vibration level and of time,
However, the exposure time of the equipment to
high vibration will not vary significantly for a
particular spacecraft configuration and can be
accurately predicted from trajectory calcula-
tions. On the other hand, experimental data
show that the fatigue life is much more depend-
ent on the stress level than on the exposure
time [5]. Considering the relatively small vari-
ation in exposure time and the greater depend-
ence of equipment failure on vibration level, a
one-dimensional statistical distribution is
warranted.

EQUIPMENT VIBRATION STRESS

To apply the stress-strength concept to the
estimation of the equipment vibration reliabil-
ity, a variable representing the vibration stress
must be determined. From the previous dis-
cussion of the vibration environment and equip-
ment strength, the effect of exposure time can
be considered insignificant in comparisen with
the intensity of the vibration. Therefore, the
vibration stress can be adequately represented
by a variable which reflects the damaging effect
of the vibration intensity on equipments.

Several mathematical models have been
studied to relate the vibration damage of equip-
ment to the vibration environment {6]. Based
on these studies, the vibration stress variable
to be used with the stress-strength concept will
be related to the square root of the power spec-
tral density (PSD) for random vibration and to
the amplitude of the acceleration for sinusoidal
or transient acceleration.

EFFECT OF SPACECRAFT VIBRA-
TION QUALIFICATION TESTING

During the SVQT, vibration is introduced
into the spacecraft. The response of the space-
craft tends to be relatively uniform at the
equipment locations. On the other hand, statis-
tical analyses of flight data combine the re-
sponse, by frequency band, in all axes. Since
the resonances of the spacecraft do not

.
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generally occur at the same frequency in each
axis, the statistically analyzed vibration data
provide a broader distribution than would be

cbtained if the data were analyzed by direction.

Since the high equipment vibration levels will

occur at spacecraft resonances during the SVQT
and since the levels will have a much narrower

distribution than obtained by statistically ana-
lyzing flight data, it is reasonable to consider
the vibration level of equipment during the

SVQT as single valued; i.e., the variation in the
equipment vibraticn levels during the SVQT will

be neglected. Considering current test meth-
ods, the equipment vibration probability level
will be the same as that used for individual
equipment qualification tests.

Although equipments of a particular space-

craft may have been vibration qualification
tested, subsequent system level tests of the
spacecraft often reveal equipment deficiencies
at the same probability level as the vibration
input. These failures result from a variety of
causes. The equipment or component (e.g.,
connectors, wire bundles, small components)
may not have been tested during the equipment
test program, or interactions between either

equipments or the equipment and the spacecraft
structure, which were not possibie in the equip-

ment test, may occur during the system leve!

test. Interactions and interface problems are a

major contributor to observed failures during

spacecraft tests [7]. Because these equipments

o T 1 N

exhibit strengih characteristics different from
those evaluated during equipment tests or be-
cause these equipments were not tested as
equipments, the strength distribution can be
approximated by that of the original untested
equipments, i.e., the strength distribution prior
to equipment qualification testing. I the SVQT
is performed, equipments having design defi-
ciencies relative to the qualification test level
will be uncovered, and design changes can be
made to improve their vibration strength. On
the other hand, if the SVQT is not performed,
these weak equipment designs will be retained
in the spacecraft system.

The change in the equipment vibration
strength distribution as described above is
shown conceptually in Fig. 2. Figure 2a shows
the strength distribution of the untested equip-
ment, i.e., the strength of the various relay,
switch, transmitter, antenna, etc., designs be-
fore the design changes are incorporated so
that they will pass the equipment qualification
test. Figure 2b shows the truncated strength
distribution of the equipment designs after the
improvements required by the equipment quali-
fication tests are included. For those equip-
ments having interactions or not having been

adequately evaluated in the equipment qualifica-
tion tests, the original strength distribution,
before truncation, will apply. If the SVQT is
performed, all equipments will have the trun-
cated distribution since the deficient designs
will be corrected. If the SVQT is not performed,
the system reliability will be associated with
that of an expected number of equipments with
the original distribution, as well as with a ma-
jority of equipments having the truncated dis-
tribution.

Vibration

— Equipment
e o . | Eauipment | | — Strength
RUBLI Quaiification " Distribution

Test Level

Log (vibration feveid
(a)
Vibration Equipment
Stress N Equipment | /— Strength
Distribution Qualification y / Distribution

Test Level

Log (vibration fevel}
[{3]

Fig. 2 - Effect of vibration qualification
testing on equipment vikration strength
and stress distributions: (a) before
equiprnent qualification testing, and (b)
after equipment qualification testing ex-
cept for equipments having interactions

SPACECRAFT RELIABILITY
MODEL

The bhasic steps in establishing a reliability
model are to develop block diagrams for vari-
ous system functional levels and subsequently
to derive mathematical models for these block
diagrams. Although block diagrams which ac-
curately represent all spacecraft systems and
subsystems cannot be developed, close approx-
imations can be formulated. Usually, the re-
quirements of minimum weight and volume of
the spacecraft impose stringent requirements
on the spacecraft design. As a result, unless
reliability analyses indicate redundancy re-
quirements, all subsystems and equipments are
necessary to the successful cperation of the
system. On this premise, typical reliability
block diagrams of the system and <::3ystem
levels will be as shown in Fig. 3. The reliabil-
ity diagram uses only a single line to show that
the successful operation cf the system or sub-
system requires that all blocks perform without
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failure. In some spacecraft an entire subsys-
tem may be contained in a slngle package or
reliabllity may be improved by providing re-
dundant components of the same deslgn com-
bined in a single equipment package. For these
systems, the block diagram of Fig. 3 is stlll
applicable. In view of the overall design con-
siderations of spacecraft, reliability block dia-
grams representing the spacecraft system and
subsystems as composed of a nuruber of blocks
in series appears to provide an adequate rep-
resentation. The reliability block diagram oi

Fig. 3 descrlbes the system as a serial system;

it operates succers.sfully if, and only if, all the
equipments perform successfully [8].

Structure

{ Attitude Reference
and Trajectory
Instrumentation
Centroi 3|
] Guidance
Environmenial Programmer
Control : 1
- . Inverter
Electrical Po- er
” Supply
Communication
i
Tracking
i » Z
Instrumentation b;

{Experiment)

{a}

Fig. 3 - Typical reliability block dia-
gram of spacecraft at (a) system and
(b) subsystem (guidance and control)
functional levels

The functional rellabjlity model of the
spacecraft system is tic Lasis for the reliabil-
ity model of the system under vibration stress.
Three types of models for determining the vi-
bration reliability of the serial system are the
weakest link, the chain, and the independent
serial system [9].

Weakest Link Model

As indicated by the name, the reliability of
the system is determined by consldering only
the reliability of the most unreliable element.
This model provides a high estimate of the
system reliability and can approximate the

system reliablllty if a single equlpment relia-
bility 1s much lower than that of the other
equipments. Because of the numerous failure
modes that exist under vibration, this model
only provides a rough approxin.atlon, and a
more accurate model 1s required.

Chain Model

The chain model of a serial system consld-
ers that all the equipment links have the same
statistical strength dlstribution and are sub-
jected to identlcal stress. However, the vibra-
tion load applied to all the equipments 1s not the
same. The vibrr.tion stress 1s a functlon of
equipment locatlon and directlon, although it 1s
also related to a variatlon between flights. If
a smooth flight to rough flight variation 1s the
predominant factor affecting the vibration
stress, this chain load concept would be
appllicable.

Independent Serial System Model

This model conslders that the reliabllity of
all the elements are mutually independent, i.e.,
that the reliabillty of the indlvidual equlpment
elements is the same Irrespective of the suc-
cessful periormance or fallure of the other
equipment elements. The difficulty with thls
mcdel is that it does not consider Interactlons
between components. The Interactlons can be
acrounted for by using two strength dlstrlbutlons
for the equlpments, as described previously.
Another source of statistical dependence 1s the
vluratlon environmenti as discussed for the
chain model. Because the spacecraft deslgn
generally does not consider the vibratlon envl-
ronment in selecting equipment locations, and
because a large varlation in the vibratlon stress
has been shown to result from location and dl-
rection wlthin the spacecraft, a model consid-
erlng the equipments to be mutually independent
elements can be applled. This Independent
serial system model shall be used to estimate
the reliability of the spacecraft system under
vlbration stress using the original untested
equlpment strength dlstribution for equipments
having interactions or inadequate equipment
tests.

The vibration reliability of the spacecraft
system can be determined wlth the product rule
for the Independent serlal system model. The
product rule states that the rellablllty of the
system ls equal to the product of the rellablll-
ties of the elements of the system. Thls can
be expressed as:

i ———
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where

RY = system reliabiiity for vibration
environment,

R, = vibration reliability of jth equipment,
n = total number of equipments, and

» = product of the function for all equip-
ments.

The system vibration reliability can also be

estimated by applying the product rule to the
two types of equiptnents separately:

Fomm)aa) o

where
R = vibration reliability of equipment
not having interactions, and
1
R} = vibration reliability of equipment

having interactions.

This formulation is based on the model in which
the equipments are considered to be randomly
selected from two different equipment popula-
tions. The n equipments are drawn from the
population of equipment designs which have
passed equipment qualification tests and do not
exhibit system interactions so that the vibration
strength distribution of the designs has a trun-
cated log normal distribution. Since the system
interactions and system conditions cause them
to behave in a different manner than under
equipment test conditions, the remaining m
equipments are considered to be randomly
selected from an equipment population which
has the log normal vibration strength distribu-
tion of the untested equipments. The values of
RY, Ry, n, and m can be estimated from avail-
able failure data. This will be discussed in de-
tail in the subsequent sections.

The system reliability under vibration
stress can be estimated with and without the
SVQT from * (1) and (2). If an SVQT is
performed, i... actions causing equipment fail-
ures at the test level will be exposed and cor-
rected; the system reliability can then be esti-
mated from Eq. (1). If the SVQT is not
performed, tie system reliability can be
estimated from Eq. (2) using available data

to estimate n, m, R;" and R . The vibration
reliability of the system can be estimated if an
SVQT is not performed. (To evaluate the over-
all spacecraft system reliability, the system
reliability for the vibration envirozrient, KY,
must be combined with the estimated operating
reliability of the system, assuming that the
system has survived the vibration stresses of
launch. This is beyond the scope of this paper.)

VIBRATION STRESS DISTRIBUTION

The statistical representation of the vibra-
tion environment as a log normal distributed
random variable has been used nhy numerous
investigators [8,10,11). The equipment vibra-
tion stress was found to be best described by
the sq.are root of the acceleration PSD for
random vibration, or the amplitude of the accel-
eration for periodic or quasi-periodic vibration.
The root-mean-square (rms) acceleration can
be used to describe the vibration stress for
random vibration as well as for periodic types
of vibration. Available data from actual meas-
urements of the vibration enviroament and
from test specifications are used here to eval-
uate the vibration stress distribution for equip-
ments. The vibration stress is then formulated
ir terms of the equipment qualification test
level using the log normal distribution. Before
this is discussed, however, the characteristics
of a log normal distributed variable are briefly
reviewed.

If a variable has a log normal distribution,
the logarithm of the variable is normally dis-
tributed. The mean and variance of the variable
g, are defined as

Milog g, - log g, (3)
and
Vilog g, Mi(log g -logg? 2. (4)

where the median of the distribution is g, the
50th percentile value, and the variance is de-
fined as ' ? [12]. By using the relation that the
difference between the logaritbms of two quan-
tities is equal to the logarithm of the quotient

of the quantities, the variance can be written as:

, L2
Vilog gt M {(log E\ } . )
./

which indicates that the variance is a function
of the ratio of the variable to the median value.
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The cumulative distribution function ard the
probability density function, respectively, are

G-g,' = u) ()
and
. M
RiRS S o), 4]
where

®(u) - standardized cumulative normal
distribution function,

#(u) = standardized normal distribution
function,

o
s s

1 - log &
1 = i“_g’_q‘_ﬁz.l,og(i), (8)

Bs

M= lcg e = J3.4343.
and

0< g, <=,

Because the vibration stress of the equipment
under random vibration is best described by
the square root of the acceleration PSD and the
vibration test requirements for equipments are
based on a statistical analysis of the PSD, the
test requirements can be used to estimate the
statistical distribution of the vibration stress.
The vibration tests for qualification are based
on the 99th percentile levels of the PSD, and
the vibration tests for acceptance are based on
the 95th percentile levels [13,14]. Since the
PSD is a log normal distributed variable, the
values of the PSD(%) at two probability levels,
defined by standardized variables u,, and u,,
can be written, from Eq. (8), as

w
I ! (9
-1 =
s W o8 ( w )
and
w
U, "—l- log (?2) 0 (10)
) W w

where -y is the standard deviation and W is the
median of the PSD log normal distribution as
defined in Eqs. (3) and (4). Subtracting Eq. (9)
from Eq. (10) yields

o ¥, LI}
Uge =My - T logT- log m

J; log (;1) . (11)

which shows that the ratio of the PSD values
for the two percentiles indicates the variance
in the PSD distribution. A typical statistically
analyzed PSD is shown in fig. 4 which presents
the PSD values in 50-cps frequency bands from
50 to 2000 cps for the 95th and 9%th percentiles
[15]. The ratio of the PSD values at the two
percentiles as a function of frequency is seen
to be relatively constant; therefore, the vari-
ance of the PSD values (%) in all of the frequency
bands can be approximated by a constant value
as indicated by Eq. (11).

1.0~
37 Data Samples
3 o
“e
=
H
a2
s
£
S o
3 0.0 V\
99

. 001 . AU DY I G S S S WY |
0O s Nm 5000 10. 000

Frequency icps)

Fig. 4 - Acceleration power spectral
density statistical distribution by fre-
quency band, Titan guidance truss,
Stage II firing

To evaluate the vibration stress, the square
root of the PSD or, alternately, the square root
of the mean square acceleration, g2, can be
evaluated s nce the vibration stress is depend-
ent on the square root of the PSD. It is conven-
ient to use the mean square acceleration since
this is readily available from test specifica-
tions. Using the basic properties of logarithms,
the variable can be written as

lor (g1 " § lor (). (12)

which will be normally distributed since log W
is normally distributed; however,

v {13 log (a’)} L—V{log(gz)} . (13)
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since the variance of a constan® times a nor-
mally distributed random variable (icq g?) is
equal to the square of the constant t‘mes the
variance of the variable. Either the square
root of the mean square acceleration (rms) can
be used 10 evai.2.¢ the vibration stress or the
square roct of the PSD can be used since the
variance of the PSD in all frequency bands is
approximately equal. Using the equations de-
rived above, the variance of the vibration stress
can be estimated for random vibration.

For periodic types of vibration, i.e., peri-
odic or quasi-periodic, either the peak or rms
value of the equivalent sinusoidal test acceler-
ation can be used to estimate the vibration
stress since the vibration stress of a given
equipment is a linear function of the amplitude
of the acceleration.

To determine the mean and variance of *he
vibration stress, it is convenient to relate these
parameters to the 95 and 99 percent vibratior.
levels, g, and gq, respectively, which are
used to specify vibration test requirements. In
terms of the log transformation of the vibration
level used for acceptance and qualificatior.
testing, the mean and variance can be deter-
mined as:

7. = 1.45 log (2‘3) (14)
A

log &, - log go - 3.38 log (5_:). (15)

Equations (14) and (15) can be used to evaluate
the median and variance of the vibration stress

distribution from the "ibration qualification
go and acceptance g, test levels.

Because the basic phenomena causing the
vibration environment are similar 10y aii cpace-
craft, it is not surprising that the variance of
the vibration stress is approximately the same.
Available information obtained from specifica-
tions and actual data are shown in Table 1 for
four different launch vehicles [13,15,16,17].
Although there is a considerable variation in
levels for the various boosters, it can be seen
that the ratio of the rms acceleration at the
99th percentile to that at the 35th percentile is
approximately 1.5 for all the launch vehicles.

It will be noted that the statistically analyzed
data from the Titan is slightly higher than

those values obtained from the various specifi-
cations. The ratios from the Titan data deter-
mined the variance of the PSD in those frequency
bands having the highest value, e.g., the 575-cps
center frequency band of Fig. 4, which is
slightly greater than the variance in the other
frequency bands. In view of the fact that the
test levels reflect the variance in all frequency
bands, the ratio of the test levels is slightly
less than the ratio determined from the PSD.
Using the ratio of 1.5 from Table 1 in Egs. (14)
and (15), the vibration stress is defined as a

log normzl distributed random variable, where

7, = 1.45 log (1.5) = 0.255 (16)
and
g, - 0.254 go. a7

Using the basic expressions foi the log normal
distribution with the vaiues of the median and

TABLE 1
Comparison of Equipment Vibration Levels for Various Launch Vehicles
Launch Vehicle Type of Vibration Acceptance Qualification Ratio
Scout Random 7.7 11.5 1.5
Sine 14.0 21.0 1.5
Delta Random 1.7 11.8 1.53
Sine Not 21.0 -
required
Atlas/Agena Random 9.0 16.4 1.82
Sine/random?2 6.7 10.3 1.54
Titan - Stage II firing 0.15P 0.5¢ 1.82d
guidance truss Transonic flight 0.22° 0.6¢ 1.65d

3Sinusoidal acceleration superimposed on random acceleration.

95th percentile of measured acceleration PSD levels in highest frequency band.
€99th percentile of measured acceleration PSD levels in highest frequency band.
Determined from the square root of the acceleration PSD.

8

Sa¥
L




variance determined above, the vibration stress
probability density distribution can be written
in terms of the qualificatiou test level from

Eq. (7) as

1.705
== Hu,).

5 (18)

M
€,(R) = 7 Huy) -

where :(u,) is the normal distribution function,
and

u.«,—llog _‘— 8
s 5 =

The vibration stress disiribution is shown in
Fig. 5.

3.94 log (%‘)+ 2.33. (19)
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Fig. 5 - Probability density distribution
of vibration stress

EQUIPMENT STRENGTH
DISTRIBUTION

Since equipment failure data at two test
levels is the only type of data available, these
can be used to estimate the equipment strength
distribution. If the strength distiinutivn is log
normal, the percentage of equipments failing at
each test level can be used to estimate the mean
and variance of the distribution. If the lower
test level is taken as the equipment qualifica-
tion test level (go) and the higher test level Is
taken as some multiple (axgy), the percentage
of equlpments falling at each level can be used
to estimate the strength distribution. If a ran-
dom sample of size n is taken from an infinite
population, some of which have a given attribute,
an unbiased estimate of the proportion of the
population having the attribute wlll be

p E{%}

(20)

where P is the proporticn of population having
the attribute, m is the number of items in the
sample having the attribute, n is the random
sample size, E{ } is the expected value, and an
unbiased estimate of the variance of this esti-
mate, P, will be

If the vibration strength of the equipn.ent is a
log normal distributed random v2i12ble as a
function of vibration level, the relations for the
log normal distribution gaven in Egs. (6) and (7)
correspond to the probabilities P, and P,; g,
and -, the median and standard deviation, re-
spectively, of the equipment strength distribu-
tion can be shown to be

. 2o
g = —— -

(21)

. _loga (22)

Uag ™ Uy

where

P, = ®u,,) = proportion of equipment
failing at the qualification
test level,

P, = ®&u,,) = proportion of equipment
failing at or below a times
the qualification test level,

uyy '%—(lon o - lor &¢) . (23)

and

1 _
Uy —‘ log (axgg) - log & - (24)

These relations were used to estimate the
variance of the strength distribution of untested
equipment using results obtained from launch
vehicle equipment tests. The data indicate that
19.5 percent of the equipments fail at the quali-
fication level and 49.3 percent fail at 1.5 times
the qualification test level. Since these data
provide the only available means of estlmating
the vibration strength dlstributlon of equip-
ments, the variance, determined from the data
by Eq. (22), is felt to be the best available esti-
mate of the variation in the design strength.
The varlance of the log hormal distrlbution
represents the power to which the ratlo of the
vibration level to the median vibratlon level is
raised, as indlcated in Eq. (8). It Is shown in

.
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the previous sectlon that the variance of the
vibratlon stress does not vary slgnificantly for
the various launch vehicles and Fig. 6 indicates
that, with the exception of the propulslon sys-
tem, the varlous subsystem equipments have
nearly the same variance. Therefore, the use
of launch vehicle data to estlmate the variance
of the spacecraft equlpment vibration strength
distributlon appears to be a reasonable approx-
imatlon. The standard deviatlon of the log nor-
mal vibratlon strength was estlmated to be
0.209. However, the ratlo of the median vibra-
tlon strength to the qualification test level can
be expected to vary with the vlbration severity.

10— /
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/ o Overall

— = Propuision
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4 ——ememflectrical
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Ratio of Vibration Level to Qualification Vibration Level
B
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Fig. 6 - Comparison of estimated
failure distribution of total system
and subsystems

Proportion of Equipment

To estimate the relatlon between the me-
dian vibration strength of spacecraft equlpment
and the vibration level, spacecraft equipment
qualification test data from nine spacecraft
programs were analyzed (Table 2). The loga-
rithm of the proportlon of equipments which
were quallfication tested and did not fail are
plotted as a function of the vibration qualifica-
tlon test level in Fig. 7. Since no equipment
vlbration failures wlll occur when the vibration
qualification test level is zero and since all the
equlpments will tend to fail when the vibration
qualification test level is infinlte, the curve on
this semilog graph should be a straight line
passing through unity at a vibration level of
zero. Using the method of least squares with
the number of equipments tested as a weighting
factor, a straight line was fitted to the data, as
shown in Fig. T As can be seen in the figure,
the data appear to fit the selected straight line
transformatlon. Using the curve of Fig. 7 to
estimate the probabllity of spacecraft equipr.ent
failures at the vibration qualification test level
and the variance of the equipment vibration
strength determined from the launch vehicle
data, the equipment vibration strength distribu-
tion was obtained. The strength distribution of
the untested spa~ecraft equipments is compared
in Figs. 8 and 9 with the stress distribution for
a vibration qualification test level of 5 and 1S g,

After qualificatlon testing has been com-
pleted and modifications have been made to the
equipments to provide vibration strength in ex-
cess of the qualification vibration value, the
strength distribution of the equipment will be
considered to be truncated at the qualification
test level, as discussed previously. The
strength distribution can now be described by a

—

1
Gk 50 TS

" 1 1
10.0 12.5 15.0 7.5

Equipment Qualitication Test Level, g (RMS)

Fig. 7 - Variation of proportion of spacecraft
equipments which did not fail during qualifi-
cation tests with qualification test level, in-
cluding 95 percent confidence limits for in-
dividual spacecraft samples
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truncated distribution where the truncation system reliability under vibration stress can
point is a function of the vibration level, as then be determined from the reliability model.
shown in Fig. 7.
The reliability of an equipment under a
statistically varying stress is the probability
SPACECRAFT RELIABILITY UNDER that the strength of the equipment exceeds the
VIBRATION STRESS WITH SvVQT stress. The reliability can be expressed in
terms of the stress and strength distributions
After the vibration stress and strength by letting ¢ (g) be the probability density dis-
distributions are estimated for the equipment, tribution of the vibration stress and g,(g°) be
the reliability of the total spacecraft system the probability density distribution of the vibra-
under vibration stress can be determined if tion strength. Using the general expression for
all equipments are assumed to have the trun- the reliability of an item having a statistically
cated log normal strength distribution formu- varying strength and subjected to a statistically
lated in the previous section. The stress- varying stress, the reliability of the jth equip-
strength concept can be used to determine the ment under the vibration stress can be written )
reliability of each equipment, and the total as: g
i
(
b
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€,(e) [1-Gy(g)l dg . (25)

t
o=y,

where G;(g) is the cumulative distribution of
the equivment strength. B. obtained with this
equaticn is shown in Fig. 16 as a function of the
qualification test level. The system reliability
under vibration stress can be determined from

Eq. (1) as

RY - ig;’] (26)

when the SVQT is perforined on the spacecraft,
i.e., when all the equipmenis have the truncated
log normal statistical strength distribution as a
result of the SVQT. Consequently, the space-
craft vibration reliability K¥ can be determined
from the equipment vibration reliability given
in Fig. 10, combined with Eq. (26) for the num-
ber of equipments, n, contained in the space-
craft system.

0.9

2 L 4 y) 4 1
2.5 G 1.5 10 12.5 15 1.5
Equiomert Vibration Quatificatien Test Level, g (RMS)

Fig. 10 - Variation in vibration reliability
of gualilicalion tested equipment with qual-
ification te st level

SPACECRAFT RELIABILITY UN-
DER VIBRATION STRESS WITH-
OUT SVQT

The spacecraft reliability under vibration
stress without the SVQT requirement can be
determined in the same manner as in the pre-
vious section, except that there will now be m
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equipments which do not have a truncated
strength distribution. For the m equipments
which kave a log normal strength distribution,
the reliability can be obtained as in the previ-
ous section. The reliability under vibration

stress for these equipments is shown in Fig. 11,

as a functior of the equipment qualification test
level. The system reliability can then be de-
termined from Eq. (2) as

o (“ﬂ: ij.‘) (;I' Riv) ) 27

=1 "N

where R’ and R are obtained from Figs. 10
and 11, respectively, for the estimated qualifi-
cation test level of the equipment.

0.0'ﬁ!— 3

\

-3
-

}

v
i
@
$

o

T

oo P
3333 3

2

vibration Retiadilsty (R

S~

o
o8

, R R )
25 5 ST Ry T ws
tquipment Vibration Quatification Test Level, g iRMS!

Fig. 11 - Variation in vibration reliability
of unqualified equipments with equipment
qualification test level

The number of equipments having the orig-
inal vibration strength distribution of the un-
qualified equipment can be estimated from the

number of failures which occur during the SVQT.

It 3VQT vibration failure data are obtained for
various spacecraft for which the number of
qualified equipments are known, the number of
equipments having the original untruncated
strength dist.ibution can be estimated. Let t
be the number of equipment failures observed
during the SVQT, m be the number of equip-
ments having the unqualified vibration strength
distribution, n, be the number of equipments
qualification tested, and P; be the proportion of
the unqualified equipments having a vibration
strength less than the qualification test level.
Then for those m equipments having the ungual-
ified equipment vibration strength distribution,
Eq. (20) gives

v




P, - g{i}. (28)

Because the SVQT is performed at the equip-
ment qualification test level and the vibration
strength distribution of the equipment has heen
estimated, P, can be written as

P, - ®u,,). (29)
where
uyg - L tog (Lﬁ)- (30)
ko 5

Therefore, m can be estimated as
CRN 31)
P,

where t is the observed number of failures
during the SVQT and P, is estimated from vi-
bration failure data ootained during equipment
qualification tests. The number of distinguish-
able equipments that are qualification tested,
ng, can be used as a measure of the total num-
ber of equipments in the system since more
complex space systems will result in a larger
number of equipments to be qualified. Equa-
tion (31) can be written as:

m_ 1ft
ne % () @2

s0 that the number of equipments having the
original strength distribution can be estimated
from the ratio of the number of equipment fail-
ures to the number of equipments qualification
tested. It is reasonavle to expect the number of
equipment failures to be proportional to the
number of equipments qualification tested in
that any untested equipments are generally
those which form an interface with and join to-
gether the individual equipments. Although the
equipment failures which occur during the SVQT
can be either qualified or unqualified equip-
ments, analysis of failure data indicates that
the fajlures occur primarily in the unqualified
equipments (Table 2). The number of equip-
ments having the qualified equipment strength
distribution can be approximated as being equal
to the number of equipments qualified., This
leads to a slightly pessimistic estimate of the
system vibration reliability, since the total
nuinber of equipments aving the truncated
strength distribution i increased. However,
because the truncated strength distribution pro-
vides a higher vibration reliability than does
the untruncated strength distribution, the added
"fictitious" equipments in this category will
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have little effect on the estimated vibration
reliability of the system.

Data obtained from SVQT tests of space-
craft were used to estimate the number of
equi 'ments having the original vibration
str .agth distribution of the untested equipments.
The results (Fig. 12) indicate that the number
of equipments in this population is 0.39 times
the number of equipments qualification tested.
Using this result, Eq. (2) can be written as

)

g1 iwy Ji

RV

"

- [Ri"} " [R.']o'”no . 53)

where R', the vibration reliability of the un-
qualified'equipment, is given in Fig. 10 and R,
the vibration reliability of those equipments
having the vibration strength distribution of the
unqualified equipments, is given in Fig. 11.

200
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- I - proun
o i S
Equipment Vibration Level, g RMS)

Fig. 12 - Comparison of
overall estimated number
of unqualified equipments
to individual estimates

SUMMARY AND CONCLUSIONS

In this paper, the vibration reliability of
the spacecraft system has been formulated
using available data to estimate the parameters
of the statistical disiributions which determine
the reliability. The vibration stress was con-
sidered to be a log normal distributed randcm
variable. The variance of the vibration stress
was estimated from specifications and meas-
ured data with the resulting distribution for-
mulated in terms of the qualification test level.
The vibration strength of spacecraft equipments
was also treated as a leg normal distributed
random variable. The variance was estimated
from available data at two vibration te:* levels.
The median of the vibration strength was
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estimated from spacecraft data as a function of
the qualification test level. Finally, the esti-
mated stress and strength distributions were
combined to provide an estimate of the vibration
reliability of the spacecraft system. If the
spacecraft is required to pass an SVQT, the
vibration reliability is determined by consider-
ing all equipments to have a truncated log nor-
mal strergth distribution. If the SVQT is not
performed, the equipments are considered to be
randomly selected from two equipment popula-
tions, one having the truncated log normal
strength distribution and the other having the
log normal strength distribution of the untested
equipments. In either formulation, the number
of spacecraft equipments is estimated to be
1.39 times the number of equipments qualifica-
tion tested. The results of this paper provide

a means of estimating the vibration reliabiiity
of the spacecraft system with and without the
SVQT requirement, using the number of equip-
ments to be qualification tested and the equip-
ment vibratioa qualification test level as space-
craft garameters. The estimated system
vibration reliability is shown in Fig. 13 for

various values of ny and g4 with and without
the SVQT.

Based on the results presented in this
paper, the following conclusions can be drawn:

1. Although numerous approximations and
assumptions were required to arrive at the es-
timated spacecraft vibration reliability, the es-
timate uses the available data in a model which
accounts for the major factors involved.

2. Data should be obtained to improve this
estimate and substantiate the distributions of

Vibration kelability ®"

A + B A - SIS Y — |
° 2.5 &0 100 125 15.0 1.5
Vidraton Qualifiation Lever. %Y LY

—
1.5

Fig. 13 - Estimated spacecraft
vibration reliability

the environment and, particularly, the equip-
ment vibration strength.

3. Until better data become avzilable, the
estimate contained in this paper should be used

to evaluate the applicability of the SVQT re-
quirement.

4. Substantial improvements in the vibra-
tion reiiability of spacecraft can be obtained
with the SVQT. The largest improvement will
be provided for complex spacecraft and for

spacecraft subjected to a more severe vibration
environment.
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DISCUSSION

Mr. Krause (Jennings Radio Mfg. Co.):
Are you using a random vibration technique
with fixed frequency fimitations?

Mr. Siahle: The data were primarily from
sinusoidal tests. although some random test
results are also included.

Mr. Krause: Then this is fixed sinusoidal
frequency as well?

Mr. Stahle: This would be a swept fre-
quency. If the level varied, I selected the high-
est value.

Mr. Krause: How do you determine whether
a qualification test is passed or failed? My
experience in qualification testing is that one
failure means failure of the test, but with the
distribution you have shown, you can have fail-
ures but they can be predicted on a reliability
basis.

Mr. Stahle: Two conditions can occur. In
the first, you can decide to perform a qualifi-
cation test on a complete spacecraft system in
addition to equipment qualification testing; the
entire spacecraft, with all the equipments in-
cluded. can be vibrated, essentially subjecting
the equipments to the qualification test level,
In the ~econd, you can decide to qualify the
equipments but not to perform a test on the
complete spacecraft system. In both cases it
is assumed that any failures that occur will be
corrected. The difference in the reliability
wity and without this test requirement reflects
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the ability to locate and repair design deficien-
cies within the total equipment population.

Mr. Krause: What is the difference be-
tween the 5g and 15¢ tests. Was the require-
ment for 5 or for 15¢g?

Mr. Stahle: In Fig. 13, the vibration reli-
ability with or without the test requirement was
given as a function of the vibration qualification
test requirement of equipment. The plot was
from about 2-1/2¢ to about 17-1/2¢g, whir1
sets the vibration qualification test requirement
for equipment in the spacecraft tested. If the
vibration requirement is higher, the median
strength of the various equipment designs is
not much greater; it is much closer to the
equipment qualification test level. As a result,
many more failures occur during the equipment
qualification test program, and the distribution
becomes very close to the qualification level
which was fixed at some multiple of the vibra-
tion stress. As expected, more faiiures occur
in the system with a more severe environment.
If there were a failure using the independent
serial systems model, which relates equipment
reliability to system reliability, any equipment
failure would constitute a system failure. From
that standpoint it could be a pessimistic esti-
mate of the system reliability.

Mr. Scott (Sandia Corp.): Was the qualifi-
cation time fairly short, or was fatigue involved ?
If you increased the time, would you expect the
same relationship? Also, what was the tirae of
testing and was the testing done in all axes or
just one?
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Mr. Stahle: The data used here were ob-
tained from a number of spacecraft programs,
8o I presume the durations of the qualification
requirements varied. The data represent a4
cross secticn of spacecraft designs to reflect
the current practices of quzlification testing.
Incidentally, the basic data were obtained
through a questionnaire survey. The data are
given in the paper and may be analyzed differ-
entlv if anyone chooses to do so.

Mr. Roberts (Martin Co.): Is there any-
thing significant that we have learned about the
failure modes of these 300 different equipments ?

Mr. Stahle: The intent of this paper was to
estimate the vibration reliab:lity with and with-
out performing this test. The various failure
modes, I believe, were in two general catego-
ries: one called interactions, and another
classified as untested components. I think that
in the untested component area, there would be
many connectors and things of this sort. The
objective of the paper was not really to try to
uncover failure modes. I think it is evident

*
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that much failure data should be obtained and
disseminated withia the industry.

Mr. Jackman (General Dynamics/Pomona):
How applicable is this to the NASA Satarn V
program? Is the SVQT program being used as
such, or is there a modification of it being
considered ?

Mr. Stahle: This program was for space-
craft rather than launch vehicles. I assume
that because of the basic differences between
spacecraft and launch vehicle design, there
would be a question whether or not it would be
applicable. I do not know whether or not this
type of test is performed or. a complete launch
vehicle. Maybe somebody on the Saturn pro-
gram could cormment on that,

Mr. Roberts (Boeing Co.): The following
paper (S-IC Reliability Program from Struc-
tural Life Viewpoint."” Roy L. Rich and James A.
Roberts, Shock and Vibration Bull. No. 36,

Part 7) discusses the method used by the Boeing
Co., New Orleans, to prove reiiability of their
hardware.

*




’ S-1C REUABILITY PROGRAM FROM
STRUCTURAL LIFE VIEWPOINT

Roy L. Rich and James A. Roberts
The Boeing Company
New Orleans, Louisiana

This paper defines critical hardware on the S-1C, the first stage of the
Saturn V vehicle, and discusses the methods used to show reliability of
this critical hardware, emphasizing the structural aspects of the pro-
gram. Mechanical hardware, in which failures are chiefly attributable
to fatigue, are proven reliable by a '"safe-life' techaique. This tech-
nique is developed using historical fatigue data established on air-
planes. Components are proven capable of witl.standing repeated life
cycles of vehicle service environments by aralysis and test. The vi-
bration environments, hardware limitations, factors affecting the re-
quired life cycles, and test conditions are developed or defined.
Reliability of electrical hardware is shown by comparing failure his-
tories with maximum expected environments. Failures are caused by
increasing, one at a time, the independent environments to which a
component might be susceptible. Vibration environments, chief cause
of §-1C problems, test conditions, and methods of establishing the reli-
ability number are discussed,

stage or vehicle when a single failure occurs
under vehicle life service environments.
These environments produce structural loads on
critical hardware causing metal fatigue, elec-
trical discontinuities and relay and electrical

J. A. Roberts contact chatter. The reliability critical hard-
ware has been divided into the following two
groups primarily because of physical and func-
tional differences:

1. Propulsion/mechanical group which
consists of gimballed ducting, pressure sen-
sors, fluid level sensors and valves; and

2. Electrical/electronic group which con-

o

¥ tety

.
-
» al

INTRODUCTION sists of batteries and electrical power distrib-
utors containing timer cards, switches, relays,
The S-IC stage reliability test program is electrical contacts and/or associated eiectrical
intended to provide assurance that the system components.
reliability goal of 95 percent is met to the ex-
tent consistent with the program schedule, cost The service environments are defined, with
and state of the art. This program objective is emphasis on the vioration environment and the
accomplished by testing all critical hardware test philosophy used for each group and the
i by the reliability program described in this reasoning behind each test philosophy are dis-
! paper. Reliability critical hardware is any cussed with emphasis on the structural aspect
. vehicle hardware which causes the loss of of the reliability program.
]
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SERVICE ENVIRONMENTS

The first thing to be considered when de-
veloping a reliability program is the environ-
ment that the vehicle components must survive
during their service life. On the S-IC, the en-
vironments producing structural stresses gen-
erally consist of vibration, fluid flow, pressure,
and temperature. Vibration produces most of
the structural loads causing metal fatigue,
electrical discontinuities and relay and contact
chatter. Although the test philosophies differ
for each group of hardware, the derivation of
environments are the same.

Flow rates, pressures, and temperature
are generally steadv  ate or slowly varying
quantities and demt .ate little variance.
They are generall: swn quantities, fairly
easy to duplicate du. ng test. The vibration
environments are raudom in nature and are
not well defined. A program was undertaken to
define the vibration levels required.

Time history

VIBRATION ENVIRONMENT
DEVELOPMENT

The vibration data are taken during captive
firings of the S-IC stage and are modified as
required to account for environments expected
during flight. Accelerometers are installed on
S-IC stage main structure at or near the attach-
ment point of subsystems to be reliability
tested. Figure 1 shows a typical plot of overall
rms acceleration vs time. During the main
stage, the g rms level remains approxima‘ely
constant. However, a transient condition »c-
curs when the engines are shut down. Ttis
sinusoidal transient is caused by an explosion
of fuel and oxidizer which accumuiates after
engines are shut down.

The random vibration environment is de-
veloped to produce loads on reliability havd-
ware which account for loads imposed on
hardware during vehicle main stage vibration.
Figure 2 shows typical measured data,
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Fig. 2 - Main stage
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established reliability environment and compo-
nent qualification environment. The reliability
test environment is derived by enveloping all

applicable measured power spectrum data peaks.

A superimposed sinusoidal dwell is used to en-
velope kigh sharp peaks which exceed by a large
margin the other peaks in a general frequency
range. The qualification test environment was
established from scaled-up S-IC stage vibration
data taken during captive firings and flight. In
general, these predicted component qualification
environmeiits exceed the reliability test envi-
ronment.

A sinusoidal sweep vibration test at 10
octaves/min from 5 to 2000 cps is performed
to simulate shutdown transient loads on the re-
liability hardware. Figure 3 shows a typical
sinusoidal sweep environment. The reliability
environment is derived by enveloping all appli-
cable measured peak data. The sinusoidal
sween test is only performed when shutdown
transient levels exceed main stage levels.

4

0
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Fig. 3 - Shutdown transient

Once the environments are established, the
methods of testing the hardware can be deter-
mined.

PROPULSION/MECHANICAL
GROUP

The first group of critical hardware to be
covered is the propulsion/mechanical hardware,
There are eight critical propulsion/mechanical
systems on the S-IC stage containing 85 critical
components. Each componen! must be proven
reliable by reliability testing or existing tests
at a subsystem ievel or by similarity to a com-
ponent which is reliability tested. Twelve com-
ponents are proven reliable by similarity. A

21

typical critical system (Fig. 4) is the fuel pres-
surization system. This system supplies and
regulates helium gas flow, pressure and tem-
perature as required to pressurize the fuel
tank. A typical subsystem is the controller
assembly (Fig. 5; which regulates the helium
pressure and flow rate by opening orificed
valves in a programmed sequence.

s
N A
N /

Fig. 4 - Typical propulsion/
mechanical hardware

The propulsion/mechanical subsystem test
philosophy is to test three idemical randomly
selected production specimens for an extended
number of life cycles at actual service life en-
vircnments applied in sequence of occurrence
during vehicle life. The extended number of life
cycles is based on historical fatigue failure
history.

The propulsion/mechanical hardware limi-
tation of three specimens is due to high hard-
ware and testing cost and the extended time re-
quired to set up and perform tests. All test
environments are applied in sequence of occur-
rence and at levels expected during service life
on the vehicle. All vibration, pressure, flow
and temperatures are varied throughout the life
cycle to be compatible with expected captive
firing and flight profiles. Realistic stress dis-
tribution is obtained by applying proper service
environments in the sequence of occurrence.

Vibration input is applied in only one axis
at each input point which gives maximum
stresses on hardware. This axis of vibration
input is established from a mathematical model
study.
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Fig. 5 - Typical propulsion/mechanical subsystem

The expected vehicle life is one l'fe cycle
and consists of one captive firing anu one flight.
This life cycle is repeated a number of times,
depending on total variability and failure prop-
agation factors. The number of times the life
cycle is repeated is the product of the total
variability factor, critical element factor,
stress compatation factor and the test severity
factor.

The total variability factor (Fig. 6) is based
on Ref. 1. The curve is established by testing a
large number of test specimens to failure. The
total variapility factor is a ratio of test mean
life to minimum life at first crack. The number
of times a life cycle has to be repeated can be
easily established once the number of test speci-
mens 18 selected.
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Fig. 6 - Total variability factor
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